Twenty-six strains of 22 bacterial species were tested for growth on trypticase soy agar (TSA) or sea-salt agar (SSA) under hypobaric, psychrophilic, and anoxic conditions applied singly or in combination. As each factor was added to multi-parameter assays, the interactive stresses decreased the numbers of strains capable of growth and, in general, reduced the vigor of the strains observed to grow. Only Serratia liquefaciens strain ATCC 27592 exhibited growth at 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres. To discriminate between the effects of desiccation and hypobaria, vegetative cells of Bacillus subtilis strain 168 and Escherichia coli strain K12 were grown on TSA surfaces and simultaneously in liquid Luria-Bertani (LB) broth media. Inhibition of growth under hypobaria for 168 and K12 decreased in similar ways for both TSA and LB assays as pressures were reduced from 100 to 25 mbar. Results for 168 and K12 on TSA and LB are interpreted to indicate a direct lowpressure effect on microbial growth with both species and do not support the hypothesis that desiccation alone on TSA was the cause of reduced growth at low pressures. The growth of S. liquefaciens at 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres was surprising since S. liquefaciens is ecologically a generalist that occurs in terrestrial plant, fish, animal, and food niches. In contrast, two extremophiles tested in the assays, Deinococcus radiodurans strain R1 and Psychrobacter cryohalolentis strain K5, failed to grow under hypobaric (25 mbar; R1 only), psychrophilic (0°C; R1 only), or anoxic ( < 0.1% ppO 2 ; both species) conditions.
Introduction
S pecial regions on Mars (Beaty et al., 2006; COSPAR, 2008) are defined as those areas ''within which terrestrial organisms are likely to propagate, or a region which is interpreted to have a high potential for the existence of extant martian life forms.'' Examples of potential Special Regions on Mars include polar caps, subsurface brines, buried glaciers, recent gullies and gully-forming regions, pasted-on terrains, surficial ice in mid-and high-latitude craters, buried salt deposits, and areas of hydrothermal activity (Beaty et al., 2006 ; Committee on Preventing the Forward Contamination of Mars, 2006; COSPAR, 2008) . Future life-detection missions to Mars are likely to target Special Regions because of the increased chances of finding an extant microbiota at these sites. To protect Special Regions on Mars from possible forward contamination from landed vehicles, research must be undertaken to characterize the limits of survival and growth of terrestrial microorganisms under conditions expected at the target landing sites.
Complicating efforts to predict habitable regions on Mars (see Stoker et al., 2010) , there is a paucity of data on the interactive effects of biocidal or inhibitory factors on microbial growth under simulated martian conditions. Schuerger and coworkers (Schuerger, 2004; Schuerger et al., , 2010 Berry et al., 2010) , reviewing recent literature (Horneck et al., 1994 (Horneck et al., , 2003 Hagerty, 1997, 1999; Yen et al., 2000; Schuerger et al., 2003; Schuerger, 2004; Clark et al., 2005; Ming et al., 2006; Hecht et al., 2009) , have proposed that a minimum of 14 biocidal or inhibitory factors are present on Mars, including (not in priority) [1] solar UV irradiation, [2] extreme desiccation, [3] low pressure (1-14 mbar), [4] anoxic CO 2 atmosphere, [5] extremely low temperatures (global average of -61°C), [6] solar particle events, [7] galactic cosmic rays, [8] UV-glow discharge from blowing dust, [9] solar UV-induced volatile oxidants (e.g., O martian soils, [13] likely acidic conditions in martian regolith, and [14] perchlorates in at least some soils. Furthermore, we add here three additional constraints on microbial growth on the martian surface: [15] lack of defined energy sources free of UV irradiation, [16] no known sources of available nitrogen and carbon, and [17] no obvious redox couples for microbial metabolism (Beaty et al., 2006; Stoker et al., 2010) . Factors [1] to [5] are ubiquitous over the surface or shallow subsurface of Mars and are likely to impact short-term microbial survival and growth rates the most. Factors [6] to [17] are likely to be more dispersed or intermittent in space or time and may depend on the local geochemistry of the regolith.
Further complicating estimates of the habitability of the martian surface is the fact that very little literature exists on the growth of microorganisms at pressures close to the conditions found on the surface of Mars (range 1-14 mbar). Three recent papers (Kanervo et al., 2005; Pokorny et al., 2006; Sakon and Burnap, 2006) examined microbial growth at pressures below an Earth-standard sea level pressure of 1013 mbar, but pressures were still much higher ( > 100 mbar) than those found on Mars (datum pressure = 6.1 mbar). reported that germination and subsequent growth were arrested at 35 mbar for endospores of seven Bacillus spp., while log-phase vegetative cells of several species were capable of minimal, but observable, growth down to 25 mbar. Nicholson et al. (2010) demonstrated both growth and evolution of Bacillus subtilis vegetative cells propagated at 50 mbar. Kral et al. (2011) reported methanogenesis by three archaea methanogens at 35°C in a Mars analog soil down to 50 mbar. And Berry et al. (2010) reported growth of Escherichia coli and Serratia liquefaciens down to 25 mbar in anoxic CO 2 -enriched atmospheres. It is apparent from these studies that some bacteria may be capable of cellular replication down to at least 25 mbar, while growth of other species is inhibited by pressures from 35 to 100 mbar.
In an effort to predict the potential of terrestrial microorganisms to grow and proliferate on Mars, a series of experiments were initiated to study the effects of three factors on growth of 26 strains of 22 bacteria under environmental conditions that begin to approach those found on the surface. The primary goal of the research was to discern whether terrestrial microorganisms typically recovered from spacecraft could grow in hydrated hypobaric environments in 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres. Three key assumptions (A) adopted for the current work included the following: (A1) bacteria were shielded from biocidal UV irradiation, (A2) bacteria were continuously exposed to hydrated and carbon/nitrogen-rich substrates, and (A3) the habitable niche was protected from rapid evaporation typically encountered on the martian surface. Thus, the three environmental conditions tested here, and the three assumptions listed above, are proposed as a minimum set of conditions that must be met to support growth of terrestrial microorganisms on the martian surface. As will be examined in the Discussion, not all these conditions can be easily met on the surface of modern-day Mars. But for the current study, if terrestrial microorganisms proved to be unable to grow under hydrated and carbon/nitrogen-rich hypobaric conditions at 7 mbar, then further tests with some of the other 17 environmental factors listed above would likely prove unproductive. And lastly, a secondary goal of the current study was to model lapse rates for elevated gasphase and lithographic pressures in the martian lithosphere in order to compare microbial growth at diverse pressures studied here to possible locations in the martian lithosphere where terrestrial microorganisms might grow and proliferate.
Materials and Methods

Microbiological procedures
Twenty-six strains of bacteria (Table 1) were chosen based on their recovery from spacecraft assembly facilities (SAF) (Venkateswaran et al., 2001; La Duc et al., 2007 Probst et al., 2010) , the Mars Odyssey orbiter (La Duc et al., 2003) , Kennedy Space Center (KSC), and lab surfaces (Schuerger, unpublished) . Several strains were obtained from the American Type Culture Collection (ATCC). All bacteria were maintained on trypticase soy agar (TSA; Thermo Fisher Scientific, Inc., Pittsburg, PA, USA), except Psychrobacter cryohalolentis K5, which was maintained on a sea-salt agar (SSA) composed of 17 g sea salts, 5 g peptone, 1 g yeast extract, and 16.5 g agar per liter of medium. All chemicals and growth media were obtained from Sigma-Aldrich, Inc., St. Louis, Missouri, USA, or Thermo Fisher Scientific.
Taxonomic affiliations of all isolates were confirmed by 16S sequencing (Table 1) . Vegetative cells of each strain were grown at 30°C for 48 h on either TSA or SSA, collected in sterile deionized water (18 MO), and then concentrated into 200 lL sterile deionized water. Cellular deoxyribonucleic acids (DNA) were extracted with Ultra Clean Microbial DNA Isolation Kits (Mo Bio Laboratories, Carlsbad, CA, USA). Bacterial DNA sequences were amplified by polymerase chain reactions with 16S universal primers B27F (5¢-GAG TTTGATCM TTGGCTCAG-3¢) and B1512R (5¢-AAGGAGGT GATCCANCCRCA-3¢), as described previously (Lueders et al., 2004) . Sequencing was conducted by the Interdisciplinary Center for Biotechnology Research (University of Florida, Gainesville, FL, USA). Ribosomal DNA sequences were compared to the entire 16S nucleotide sequence database at the National Center for Biotechnology Information's (NCBI) BLAST server (http://www.ncbi.nlm.nih.gov/ BLAST), and homology scores ‡ 97.5% were considered the same species (Stackebrandt et al., 2002) .
Growth of bacteria under hypobaric conditions
Two separate assays were conducted to characterize the growth of bacteria under hypobaric conditions. First, 26 strains (Table 1) of spore-forming and non-spore-forming bacteria were incubated on TSA or SSA at 1013, 100, or 25 mbar under aerobic or anoxic conditions. To confirm that the growth responses for at least two of the bacterial species were due to pressure effects and not the potential desiccation of cells on the upper surfaces of the agar media, vegetative cells of Bacillus subtilis strain 168 and Escherichia coli strain K12 were grown in liquid media maintained at 1013 (Earth sea-level pressure), 75, 50, or 25 mbar under aerobic conditions.
Assays were conducted in hypobaric systems ( Fig. 1 ) capable of maintaining pressures down to 1 mbar ( + / -0.5 mbar). When required, the hypobaric chambers were fitted with CO 2 generation pouches (R681001 AnaeroPacks, Remel, Thermo Fisher Scientific) to create anoxic atmospheres.
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Previous work by Van Horn et al. (1997) demonstrated that AnaeroPack sachets remove oxygen from low-volume closed containers to concentrations < 0.1% within 1 h. Anaerobic indicator tablets (also from Remel) were placed within each hypobaric chamber to confirm the presence of an anoxic atmosphere. The hypobaric systems were maintained at 30°C for all bacteria, except P. cryohalolentis, which was incubated at 24°C. Pressures within the two hypobaric chambers were maintained with separate pumps and control units (model PU-842, KNF Neuberger, Trenton, NJ, USA). Vacuum and vent lines for the hypobaric chambers were fitted with 0.22 lm in-line air filters to prevent air contamination of the TSA, SSA, or Luria-Bertani (LB) media during pump cycling. Vegetative cells of the 26 strains were grown overnight for 16 h on TSA or SSA and then streaked separately onto fresh media. The TSA and SSA plates were poured double-thick at a volume of 35 mL per plate (compared to standard TSA plates that used 15-18 mL per plate). Bacterial cells were streaked in 3 quadrants, and to avoid false positives, only colonies observed in the 2 nd and 3 rd quadrants were used to evaluate the growth of bacteria under test conditions. Endospores were not present in the 16 h old cultures of the spore-forming Bacillus spp. tested. The vegetative cells of all species were incubated in the hypobaric systems for 48 h at 1013, 100, or 25 mbar and maintained under aerobic or CO 2 -enriched anoxic atmospheres. Vegetative cells for all species were rated for growth on the semisolid media with a pair of 5 · jeweler's glasses. The following rating system was used to rank the growth of all strains: 4 = large robust colonies > 5 mm in diameter; 3 = colonies 2-4 mm in diameter; 2 = colonies *1 mm in diameter; 1 = colonies *0.5 mm in diameter; 0.50 = colonies < 0.5 mm in diameter; 0.1 = smallest visually discernible colonies (pin-prick-sized colonies at *0.1 mm in diameter); 0 = no growth. At the end of all assays, cultures were transferred to a lab incubator at 30°C, 1013 mbar, and 21% O 2 /78% N 2 aerobic atmospheres and incubated an additional 48 h to determine whether the hypobaric conditions inactivated cells or were merely inhibitory to cell growth.
For the liquid-culture assay, bacterial strains B. subtilis 168 and E. coli K12 were grown in LB liquid medium alone (Miller, 1972) supplemented with or without (final concentrations) potassium nitrate (0.1% w/v) and glucose (0.25% w/v) (LBGN). For growth of cells at various pressures, triplicate cultures were grown in separate 10 mL of liquid media in 18 mm diameter flat-bottom screw-cap tubes with the caps loosened. Tubes were placed inside hypobaric chambers and incubated for 24 h at 30°C in 1013 mbar, 75, 50, or 25 mbar under aerobic conditions. Optical densities (ODs) were x KSC lab isolates were recovered from lab benches within the Space Life Sciences Lab at the Kennedy Space Center (KSC), Florida. The new strains ACS-6 and ACS-22 were sequenced and entered into GenBank as accession numbers JX401570 and JX415537, respectively. y All taxonomic affiliations are based on 16S sequencing in the NCBI nucleotide database. The BLAST program was used in NCBI with full contigs or with B27F (forward) or B1512R (reverse) sequences when full contigs were not available.
measured after 24 h with a Klett-Summerson colorimeter fitted with a red (660 nm) filter (Note: for purposes of comparison, 100 Klett units = 1.0 OD 660 ). Media levels in each tube at T = 0 were marked with a felt-tip black marker. If the volume of LB or LBGN was observed to be lower after 24 h at 30°C (observed only for the 25 mbar samples), the media was returned to the original volume by the addition of sterile deionized water prior to reading in the Klett-Summerson colorimeter. Water loss was approximately 10-15% at 25 mbar in 24 h; and no loss of water was observed at 50, 75, or 1013 mbar.
Growth of bacteria under psychrophilic conditions
Bacteria were streaked on TSA or SSA as described above. Cultures were placed into polycarbonate containers (Remel AnaeroPack vessels) and sealed into an aerobic O 2 /N 2 lab atmosphere or sealed into an anoxic environment in which the Remel AnaeroPack sachets (described above) were used. However, in the psychrophilic assays, the anaerobic containers were flushed for 30 s with ultrahigh purity carbon dioxide (CO 2 ) gas prior to closing the lids. All containers were then incubated for 35 d at 0°C. In preliminary experiments, the AnaeroPack sachet system was able to maintain an anaerobic environment for 14 d before the indicator tablets turned from pink (anoxic conditions) to purple (aerobic conditions). Every 7 d all bacteria were removed from the polycarbonate containers and rated for bacterial growth. For CO 2 -enriched anoxic treatments, fresh AnaeroPack sachets and indicator tablets were inserted into the polycarbonate containers and allowed to equilibrate for 20 min prior to placing all cultures back into the 0°C incubator. After 35 d, cultures were transferred to lab conditions and incubated 48 h at 30°C, 1013 mbar, and aerobic O 2 /N 2 atmosphere to determine whether the psychrophilic conditions inactivated cells or were merely inhibitory to cell growth.
2.4. Growth of two bacteria at 7 mbar, 0°C, and in a CO 2 -enriched anoxic atmosphere Cells of Serratia liquefaciens (ATCC 27592) and Pseudomonas fluorescens (ATCC 13525) were grown on TSA for 16 h, streaked onto fresh TSA or TSA supplemented with (final concentrations) potassium nitrate (0.1% w/v) and glucose (0.25% w/v) (TSAGN) plates, and incubated in the polycarbonate desiccator system (Fig. 1B) maintained at 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres. Controls were maintained at 1013 mbar, 0°C, and in CO 2 -enriched anoxic atmospheres. The TSA and TSAGN plates were poured with an above-average quantity of media at a volume of 35 mL per plate.
Every 7 d, the containers at 1013 and 7 mbar were opened, the growth of both species rated, and fresh AnaeroPack sachets placed within the sealed containers, as described above. Both the 7 mbar desiccator (Fig. 1B) and 1013 mbar polycarbonate containers were flushed with ultrahigh purity (A) One system was composed of a single glass bell jar attached to a high-density polyethylene stage through which vent holes permitted the connection to external pumps and controllers (model PU-842, KNF, Neuberger, Trenton NJ, USA). For anoxic conditions, AnaeroPack (Remel, Thermo Fisher Scientific, Chicago, IL, USA) sachets were placed around each stack of up to six Petri dishes of TSA or SSA media. (B) A second hypobaric system was developed to replace the single glass bell jar system in which two separate hypobaric chambers were maintained in separate microbial incubators. The newer hypobaric chambers were composed of clear polycarbonate desiccators (model #08-642-7, Thermo-Fisher Scientific, Rochester, NY, USA) connected to two separate KNF pump/controllers placed on the outsides of the microbial incubators. For each unit, in-line 0.22 lm filters (*) were used on the vent line (v) and the pump line (p) to prevent the introduction of room air into the hypobaric chamber during normal operations. Arrows designate the airflow into and out of the hypobaric desiccator system. Color images available online at www.liebertonline.com/ast 118 SCHUERGER ET AL.
CO 2 for 60 s before sealing the containers and adjusting the pressures. After 28 d, the plates were rated and transferred to a lab incubator for 48 h at 30°C, 1013 mbar, and aerobic O 2 / N 2 atmosphere to determine whether the hypobaric, lowtemperature, and anoxic conditions were biocidal to the vegetative cells of both species.
2.5. Spot-plate assays of bacterial strains grown under hypobaric, low-temperature, and anoxic conditions A final confirmation for growth of S. liquefaciens under a 7 mbar, 0°C, and CO 2 -enriched anoxic atmosphere was performed by spot-plating all 26 strains of bacteria onto individual thick-poured TSA plates (35 mL per Petri dish) and then incubating the TSA spot-plates separately at one of the following sets of environmental conditions: (1) 48 h at 1013 mbar, O 2 /N 2 atmosphere, and 30°C (Proteus mirabilis omitted, see below); (2) 35 d at 1013 mbar, O 2 /N 2 atmosphere, and 0°C; (3) 35 d at 1013 mbar, CO 2 -enriched anoxic atmosphere, and 0°C; and (4) 35 d at 7 mbar, CO 2 -enriched anoxic atmosphere, and 0°C. Proteus mirabilis (strain #18 in Table 1 ) was omitted from the 30°C TSA plates because the aggressive growth of P. mirabilis would overgrow the entire TSA plates in 48 h; P. mirabilis was grown separately for the spotplate assays incubated for 48 h at 30°C. Proteus mirabilis was included in all spot-plate assays incubated at 0°C. For all TSA spot-plate assays that were initially incubated 35 d at 0°C, bacteria were transferred to a lab incubator for an additional 48 h at 30°C, 1013 mbar, and aerobic O 2 /N 2 atmosphere to document the reactivation of the environmentally inhibited cells at conducive mesophilic temperatures.
Statistical procedures
Statistical analyses were conducted with a PC-based Statistical Analysis System (SAS) version 9.2 (SAS Institute, Inc., Cary, NC, USA). Data on the growth experiments on TSA or SSA semisolid media were analyzed with analysis of variance (ANOVA) procedures (PROC GLM) followed by protected least-squares mean separation tests (P £ 0.05). Data were 0.25-power transformed prior to analysis to induce homogeneity of variances. Data for the growth of B. subtilis 168 and E. coli K12 in liquid LB and LBGN media were arcsine transformed prior to being subjected to ANOVA x All bacteria were grown 48 h on trypticase soy agar (TSA) at 30°C, except Psychrobacter cryohalolentis K5, which was grown on sea-salt agar (SSA) at 24°C. Bacteria were incubated under an aerobic O 2 /N 2 (21%/78%) atmosphere and pressures of 1013, 100, or 25 mbar. y Bacterial growth for each strain was rated using a 5 · pair of jeweler's magnifying glasses. Growth was rated in only the 2 nd or 3 rd quadrants of three-quadrant streaked plates; the 1 st quadrant was ignored in order to avoid false positives. Rating scale: 4 = large robust colonies > 5 mm in diameter; 3 = colonies 2-4 mm in diameter; 2 = colonies *1 mm in diameter; 1 = colonies *0.5 mm in diameter; 0.50 = colonies < 0.5 mm in diameter; 0.1 = smallest visually discernible colonies (pin-prick-sized colonies at *0.1 mm in diameter); 0 = no growth. Letters in rows designate significant differences among pressure treatments for individual species based on ANOVA and protected least-squares mean separation tests (P £ 0.05; n = 3).
z At the end of the assays, all cultures were transferred to lab conditions for an additional 48 h of incubation at 30°C, 1013 mbar, and O 2 /N 2 atmosphere. In general, bacteria inhibited at low pressures grew normally under lab conditions and were not killed by exposure to hypobaric and aerobic conditions. procedures followed by protected least-squares mean separation tests (P £ 0.05). Data are presented as untransformed values in all figures and tables.
Gas phase and lithographic pressure lapse rates for Mars
To predict locations in the subsurface on Mars where the pressure corresponds to the pressures used in our experiments, we modeled the increase in subsurface gas phase and lithographic pressures. Microorganisms located below the surface will experience one of two very different pressures, depending on how the subsurface niches are sealed off from the surface. If bacteria are located between regolith grains in void spaces, and if the void spaces are contiguous to the surface, the pressure is equal to that at the surface plus a contribution due to the gas column with a vertical extent equal to the depth. Almost any configuration of contiguous atmospheric conditions to the surface will result in this situation, even if the passage is very torturous and narrow because very little gas has to move through the passages to equilibrate the pressure. The void spaces in an unconsolidated matrix will exhibit the pressure behavior described above even if the grains are very fine because the percentage of void space is not a function of the size of the grains but is set only by their shape and packing configuration.
The gas-phase pressure in subsurface regolith or rock void spaces, and contiguous to the martian surface, is given by the barometric equation:
( 1) where P = gas-phase pressure at depth z below the surface (in mbar); P o = pressure at the surface (mbar); g = gravity (3.71 m/s 2 for Mars); M = molecular weight of the atmosphere (44 kg/kmol); R = ideal gas constant (8313 kg m 2 /s 2 kg-mole K); T = surface temperature (K); z = depth below surface (m). The exponential relationship between depth and pressure is due to the compressibility of the gas phase. Formula 1 was used to estimate the gas-phase lapse rate for void space niches within the martian lithosphere.
If the microorganisms are sealed off from the overall atmosphere by being located within rock or ice inclusions, then All bacteria were grown 48 h on trypticase soy agar (TSA) at 30°C, except Psychrobacter cryohalolentis K5, which was grown on sea-salt agar (SSA) at 24°C. Bacteria were incubated under an anaerobic CO 2 atmosphere and low pressures of 1013, 100, or 25 mbar. y Bacterial growth for each strain was rated using a 5 · pair of jeweler's magnifying glasses. Growth was rated in only the 2 nd or 3 rd quadrants of three-quadrant streaked plates; the 1 st quadrant was ignored in order to avoid false positives. Rating scale: 4 = large robust colonies > 5 mm in diameter; 3 = colonies 2-4 mm in diameter; 2 = colonies *1 mm in diameter; 1 = colonies *0.5 mm in diameter; 0.50 = colonies < 0.5 mm in diameter; 0.1 = smallest visually discernible colonies (pin-prick-sized colonies at *0.1 mm in diameter); 0 = no growth. Letters in rows designate significant differences among pressure treatments for individual species based on ANOVA and protected least-squares mean separation tests (P £ 0.05; n = 3). z At the end of the assays, all cultures were transferred to lab conditions for an additional 48 h of incubation at 30°C, 1013 mbar, and O 2 /N 2 atmosphere. In general, bacteria inhibited at low pressures under CO 2 atmospheres grew normally under lab conditions and were not killed by exposure to hypobaric and anoxic conditions. 120 SCHUERGER ET AL.
the pressures within the inclusions are potentially much greater than the surrounding gases and are related to the weight of the solid overburden. The densities of ices and rocks span a range from 1000 to 5000 kg/m 3 , while the density of the martian atmosphere at the surface is only 0.017 kg/m 3 . This 5 order of magnitude difference is reflected in the much higher pressures in the lithographic phase than in the gas phase. Since the compressibility of rock and ice is very low, the lithographic pressure below the surface increases linearly with depth:
where P = lithographic pressure (mbar) at depth z below the surface; P o = pressure at the surface (mbar); q = density of overburden (kg/m 3 ); g = gravity (3.71 m/s 2 ); z = depth below surface (m); and 100 converts pascals (Pa) to millibar (mbar). The lithographic lapse rate is qg/100 mbar/m and represents the linear pressure increase per meter of depth. Formula 2 was used to estimate the lithographic lapse rate for rock or ice inclusions buried within the martian lithosphere.
Results
Growth of bacterial species in hypobaric, psychrophilic, and anoxic conditions
All bacteria exhibited vigorous growth at 1013 and 100 mbar when incubated at 30°C under aerobic O 2 /N 2 conditions, but most were inhibited at 25 mbar (Table 2 ). Of the strains that grew at 25 mbar, visible colonies for Bacillus subtilis 168, Escherichia coli ATCC 35218, E. coli K12, Proteus mirabilis, P. cryohalolentis, and Serratia liquefaciens were consistently observed but reduced in size compared to growth at either 1013 mbar (control) or 100 mbar. In contrast, incubation under CO 2 -enriched anoxic atmospheres (Table 3) indicated that 12 of the 26 strains were unable to grow at any pressure tested, likely due to their obligate aerobic physiologies. Seven non-spore-forming species (including two strains of E. coli) and two spore-forming species (B. subtilis strains 168 and HA101) were able to grow in CO 2 atmospheres down to 25 mbar. The most robust growth at 25 mbar under CO 2 was observed for one strain of E. coli (ATCC 35218) and S. liquefaciens (ATTC 27592), in which both strains exhibited similar growth at all three pressures tested (Table  3 ; P > 0.05). Other species that exhibited growth on TSA at 25 mbar in CO 2 atmospheres were Enterococcus faecalis, Paenibacillus pabuli, P. mirabilis, and Staphylococcus aureus (ATCC 29213), although in all cases growth was much weaker than anoxic controls incubated at 1013 mbar. Several species (B. pumilus 31v3, B. pumilus 40hs1, S. aureus ATCC 33591, and S. epidermidis) exhibited weak but consistent growth at either 1013 or 100 mbar under CO 2 but failed to extend growth to 25 mbar under anoxic conditions (Table 3) . In all cases, rating values < 0.1 were considered equivocal and resulted from averaging zero growth in some repetitions of the experiments (i.e., 0 rating) with minimal ratings of 0.1 in other repetitions.
After the completion of the 48 h hypobaric assays, all cultures from both O 2 /N 2 and CO 2 conditions were incubated an additional 48 h at 1013 mbar, 30°C, and under lab O 2 /N 2 atmospheres in order to determine whether the hypobaric conditions had killed the bacteria. In general, bacteria that were returned to lab conditions resumed vigorous growth (columns 4, Tables 2 and 3) and appeared similar to colony morphotypes in size, number, and color as observed for the assays performed at 1013 mbar reported in column one in Tables 2 and 3 .
Conducted in parallel with the TSA and SSA assays described above (Tables 2 and 3) , growth of vegetative cells of B. subtilis 168 and E. coli K12 suspended in liquid LB or LBGN media showed that, below 100 mbar, growth was progressively inhibited for both species with low pressure inhibiting the growth rates for 168 more than for K12 (Fig. 2) . It was postulated that a reduction in the concentration of dissolved oxygen at low pressures may have been the cause for inhibiting growth of both bacteria. To test this hypothesis, LB media was supplemented with glucose (to allow fermentation) and nitrate (to permit anaerobic respiration) (LBGN medium), and the liquid-culture-based hypobaric assays were repeated with 168 and K12. The LBGN growth rates were similar to those observed for the LB alone assays for all pressures tested ( Fig. 2 ; P > 0.10). Growth of B. subtilis 168 at 25 mbar was near the lower limit of detection in the LB liquid assay. The sensitivities to low pressures of both species were very similar between the TSA solid media (Table 2) and LB liquid media (Fig. 2) assays, except that the growth rates for 168 were significantly more reduced than for K12 at low pressures in the liquid LB assays than in the TSA semisolid agar assays. We interpret these responses to be evidence of a direct pressure effect on B. subtilis 168 and E. coli K12 under hypobaric conditions.
FIG. 2.
Growth of Bacillus subtilis 168 (Bsu) and Escherichia coli K12 (Eco) in liquid culture under hypobaric conditions. Vegetative cells of both species were grown for 24 h at 30°C in Luria-Bertani (LB) liquid media with and without added glucose (0.25%) and nitrate (0.1%) (LB + G + N). Bacteria were grown at pressures of 1013, 75, 50, or 25 mbar. Data were normalized to growth rates at an Earth-normal sea-level pressure of 1013 mbar (n = 3; P £ 0.05; bars = standard deviations).
In a second series of experiments, all 26 strains of bacteria were tested for growth at 0°C under either aerobic (O 2 /N 2 ) or anoxic (CO 2 -enriched) atmospheres in order to investigate the interactive effects of low-ppO 2 and low-temperature conditions. Only eight of 26 strains exhibited the ability to grow at 0°C under aerobic conditions (Table 4) , and only two strains demonstrated growth when incubated for 35 d under the combination of 0°C and CO 2 -enriched anoxic atmospheres (Table 5) . Serratia liquefaciens ATCC 27592 was the only strain capable of replicative growth under separately tested hypobaric (down to 25 mbar; Table 2 ), psychrophilic (0°C; Table 4), and anoxic (CO 2 -enriched atmospheres; Tables 3 and 5) conditions. Vigorous growth was observed at 0°C for the strains Pseudomonas fluorescens, P. cryohalolentis, S. liquefaciens, and Sporosarcina aquamarina when cultures were incubated for 35 d under aerobic conditions (Table 4) , but only P. fluorescens and S. liquefaciens could tolerate both anoxic and psychrophilic conditions (Table 5 ). Interestingly, P. fluorescens (considered an obligate aerobe; Holt et al., 1994) yielded very small but observable colonies when incubated for 35 d under anoxic conditions at 0°C (Table 5 ). In earlier short-term 48 h tests (Table 3) , P. fluorescens failed to grow under a CO 2 atmosphere at 1013 mbar. Although some strains of P. fluorescens can use nitrate as a terminal electron acceptor (Holt et al., 1994) , the addition of 0.1% potassium nitrate failed to enhance growth at 7 mbar (Table 6 ). And finally, four strains (E. coli ATCC 35218, Micrococcus luteus, Paenibacillus pabuli, and S. aureus ATCC 33591) exhibited weak or inconsistent growth at 0°C under aerobic conditions (Table 4) , but all failed to yield observable microcolonies when the concomitant factors of 0°C and anoxia were tested together (Table 5) .
When cultures were returned to lab conditions of 1013 mbar, 30°C, and O 2 /N 2 atmospheres, all bacteria exhibited near-normal growth. Results suggest that zero ratings observed in Tables 4 and 5 during the 35 d experiments were not due to inactivation of vegetative cells but instead demonstrated that growth of the bacteria were inhibited, which is consistent with earlier observations Nicholson et al., 2010) . Bacterial growth for each strain was rated using a 5 · pair of jeweler's magnifying glasses. Growth was rated in only the 2 nd or 3 rd quadrants of three-quadrant streaked plates; the 1 st quadrant was ignored in order to avoid false positives. Rating scale: 4 = large robust colonies > 5 mm in diameter; 3 = colonies 2-4 mm in diameter; 2 = colonies *1 mm in diameter; 1 = colonies *0.5 mm in diameter; 0.50 = colonies < 0.5 mm in diameter; 0.1 = smallest visually discernible colonies (pin-prick-sized colonies at *0.1 mm in diameter); 0 = no growth. Letters in rows designate significant differences among time steps for individual species based on ANOVA and protected leastsquares mean separation tests (P £ 0.05; n = 3). z At the end of the assays, all cultures were transferred to lab conditions for an additional 48 h of incubation at 30°C, 1013 mbar, and O 2 /N 2 atmosphere. In general, bacteria grew normally under lab conditions and were not killed by exposure to low-temperature aerobic atmospheres.
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Growth of Serratia liquefaciens in 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres
Growth was observed for S. liquefaciens, but not P. fluorescens, when cells were maintained for 28 d in 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres (Table 6 ). The growth of S. liquefaciens was slightly higher at 7 than at 1013 mbar when rated at 28 d under the experimental conditions tested. Cells of both bacteria grew vigorously when cultures were returned to conditions of 1013 mbar, 30°C, and O 2 /N 2 atmospheres for 48 h (Table 6 ). However, the final rating values assigned to microbial growth of both species after 48 h at 1013 mbar, 30°C, and O 2 /N 2 atmospheres were slightly lower than similar assays for the experiments presented in Table 5 , indicating that the additional stress of hypobaria might have impaired the recovery of metabolic activity and cellular growth. For both species, there were no effects noted for microbial growth between cultures grown on TSA versus TSAGN.
Spot-plate assays were used to confirm that only S. liquefaciens was capable of growth in a 7 mbar, 0°C, and CO 2 -enriched anoxic atmosphere ( Fig. 3D; arrow) . No other bacterial strains exhibited visually discernible growth on the TSA spot-plate assays incubated at 7 mbar. Consistent with the data in Tables 5 and 6, cells of S. liquefaciens (Fig.  3C , arrow) and P. fluorescens (Fig. 3C, box) were observed to grow on TSA incubated in a 1013 mbar, 0°C, and CO 2 -enriched atmosphere, although the growth of P. fluorescens was very weak (i.e., barely observed in Fig. 3C, square) . Furthermore, the spot-plate assays of all bacterial strains grown at 1013 mbar, 0°C, but in an O 2 /N 2 atmosphere were consistent with data presented in Table 4 , in which P. fluorescens, P. cryohalolentis, S. liquefaciens, and Sporosarcina aquamarina exhibited strong and clear visible growth under similar conditions (Fig. 3B) . Although not discernible in the digital image in Fig. 4B , direct viewing with the 5 · jeweler's glasses revealed weak but observable growth for E. coli ATCC 35218 and P. pabuli, incubated in a 1013 mbar, 0°C, and O 2 /N 2 atmosphere. In contrast to the results presented above, spot-plate assays of all strains incubated 48 h in 1013 mbar, 30°C, and O 2 /N 2 atmospheres (Fig. 3A) demonstrated normal growth for all strains consistent with the Bacterial growth was rated using a 5 · pair of jeweler's magnifying glasses. Growth was rated in only the 2 nd or 3 rd quadrants of threequadrant streaked plates; the 1 st quadrant was ignored in order to avoid false positives. Rating scale: 4 = large robust colonies > 5 mm in diameter; 3 = colonies 2-4 mm in diameter; 2 = colonies *1 mm in diameter; 1 = colonies *0.5 mm in diameter; 0.50 = colonies < 0.5 mm in diameter; 0.1 = smallest visually discernible colonies (pin-prick-sized colonies at *0.1 mm in diameter); 0 = no growth. All bacteria were grown on trypticase soy agar (TSA). Letters in rows designate significant differences among time steps for individual species based on ANOVA and protected least-squares mean separation tests (P £ 0.05; n = 3).
z At the end of the assays, all cultures were transferred to lab conditions for an additional 48 h of incubation at 30°C, 1013 mbar, and O 2 /N 2 atmosphere. In general, bacteria grew normally under lab conditions and were not killed by exposure to low-temperature anoxic atmospheres. Bacterial growth was rated using a 5 · pair of jeweler's magnifying glasses. Growth was rated in only the 2 nd or 3 rd quadrants of threequadrant streaked plates; the 1 st quadrant was ignored in order to avoid false positives. Rating scale: 4 = large robust colonies > 5 mm in diameter; 3 = colonies 2-4 mm in diameter; 2 = colonies *1 mm in diameter; 1 = colonies *0.5 mm in diameter; 0.50 = colonies < 0.5 mm in diameter; 0.1 = smallest visually discernible colonies (pin-prick-sized colonies at *0.1 mm in diameter); 0 = no growth. All bacteria were grown on double-thick trypticase soy agar (TSA; 35 mL per plate). Data were 0.25-power transformed prior to analysis to induce homogeneity of variances. Letters in rows designate significant differences among time steps for individual species based on ANOVA and protected least-squares mean separation tests (P £ 0.05; n = 3).
z At the end of the assays, all cultures were transferred to lab conditions for an additional 48 h of incubation at 30°C, 1013 mbar, and O 2 /N 2 atmosphere. In general, bacteria grew normally under lab conditions and were not killed by exposure to hypobaric, low-temperature, or anoxic atmospheres.
FIG. 3.
Growth of 26 strains of 22 bacterial species under hypobaric, psychrophilic, and anoxic conditions. Spot-plate assays with bacterial strains were laid out in 5 · 5 grids with strain 26 placed below the grids; numbers (#s) coincide with bacterial strains listed in Table 1 . Arrows indicate locations of Serratia liquefaciens (strain #22). (A) Lab controls were incubated for 48 h at 1013 mbar, 30°C, in a standard 21%/78% O 2 /N 2 atmosphere. The circle denotes the location where Proteus mirabilis was omitted from the lab conditions because the bacterium would normally overgrow the TSA plates in 48 h when incubated at 30°C. Proteus mirabilis was included in the spot-plate assays maintained 35 d at 0°C under nonstandard conditions (B), (C), and (D). Environmental conditions for assays are given adjacent to the TSA plates. Only S. liquefaciens exhibited obvious growth in 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres (D). The box labeled #20 (C) includes subtle but observable growth of Pseudomonas fluorescens. Results presented here, and Fig. 4 , confirm the results presented in Tables 4, 5, and 6. Color images available online at www.liebertonline.com/ast results given in Table 2 (column 1), and for Tables 4, 5, and 6 (column 5).
Following incubation for 35 d at various conditions maintained at 0°C, spot-plate TSA assays were transferred to a 1013 mbar, 30°C, and O 2 /N 2 atmosphere for an additional 48 h of incubation (Fig. 4) . In all cases, bacterial growth recovered by the end of the 48 h incubation period and appeared to produce normal-looking colonies. The digital image in Fig. 4 was taken after only 24 h of incubation at 30°C to minimize the overgrowth of the TSA spot-plate assays by P. mirabilis (circles in Fig. 4) . The boxes in Fig. 4 represent bacterial strains that exhibited growth at 48 h but were obscured by P. mirabilis at 24 h, or strains that were not yet reactivated at 24 h.
Atmospheric and lithographic lapse rates for pressure
Equations 1 and 2 were used to estimate the gas-phase and the lithographic lapse rates, respectively, encountered as depth increases in the martian lithosphere. The gas-phase lapse rate changes very slowly and was estimated as an increase of 1 mbar per 1450 m descent in the upper 2 km of the lithosphere (Fig. 5 ). The gas-phase lapse rate is an exponential function; thus, with a surface pressure of 6.9 mbar, 13.8 km depth is required to reach 25 mbar. In contrast, the lithographic lapse rate changes much more quickly (Fig. 5) . When using a density of 2500 kg/m 2 and Mars gravity, the lithographic lapse rate is 92.8 mbar/m; the most rapid increase in lithographic pressure occurs from the surface down to 200 m, after which it increases more slowly with increased depth. The depth for the lithographic pressure to reach 25 mbar is only 19.5 cm as opposed to 13.8 km for the gas-phase pressure. Also using Eq. 1, we estimate that the pressure range on the exposed surface of Mars is 0.95 mbar at the top of Mt. Olympus and 14.8 mbar at the deepest point in Hellas Basin. Changes in lithographic pressure are mostly independent of gas pressure; thus, lithographic pressures of 25 mbar would occur at approximately 20 cm depth at each of the two extremes on Mars given here, and for any location in between.
Discussion
Growth of Serratia liquefaciens at 7 mbar
With the experiments outlined herein, we systematically examined the growth of 26 strains of 22 bacterial species under three physical conditions within the many environmental factors found at the surface of Mars, that is, low   FIG. 4 . Growth of 26 strains of 22 bacterial species previously exposed to hypobaric, psychrophilic, and anoxic conditions (Fig. 3) were transferred to lab conditions and incubated an additional 48 h at 1013 mbar, 30°C, and an Earth-normal O 2 /N 2 atmosphere. Arrows indicate the location of Serratia liquefaciens. Circles indicate the locations of the omitted Proteus mirabilis for the 30°C (A), and the included P. mirabilis for the 0°C assay plates (i.e., B, C, and D). Note how P. mirabilis overgrows the other bacterial strains when spot-plates were transferred from 0°C to 30°C for only 24 h (current image). Boxes indicate bacterial strains in which growth was not observed after 24 h incubation at 30°C, but in all cases bacterial growth was observed for the box-marked strains when the TSA plates were incubated an additional 24 h (data not shown). The spotplates shown here are the exact same plates presented in Fig. 3 . Results presented here, and Fig. 3 , confirm the results presented in Tables 4, 5 , and 6. Color images available online at www.liebertonline.com/ast pressure (7 mbar), low temperature (0°C), and CO 2 -dominated anoxic atmosphere. Most bacterial species were selected for their previously described occurrence in spacecraft assembly facilities (Venkateswaran et al., 2001; La Duc et al., 2007 Newcombe et al., 2008; Ghosh et al., 2010; Probst et al., 2010) , Mars spacecraft (Puleo et al., 1977; La Duc et al., 2003 , 2004a , or human-rated space vehicles (Puleo et al., 1973; Pierson et al., 1993; Novikova, 2004) . Deinococcus radiodurans R1 and Psychrobacter cryohalolentis K5 were included as extremophilic species that have been previously tested for survival or growth under partially simulated martian conditions (Pogoda de la Vega et al., 2007; Smith et al., 2009) . The primary objective was to determine whether any of the plausible spacecraft contaminants or extremophiles might grow under concomitant conditions of hypobaria, low temperature, and anoxia similar to the ranges periodically encountered on the martian surface.
Of the 26 bacterial strains tested, only Serratia liquefaciens ATCC 27592 was found to be capable of growth under the concomitant conditions of 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres. As each stress condition was added to the assays, fewer strains and species were observed to grow. Thus, the interactive conditions of hypobaria, low temperature, and CO 2 -enriched anoxic atmospheres worked additively or synergistically to prohibit growth of all strains tested except S. liquefaciens. The three stress factors of 7 mbar, 0°C, and CO 2 -enriched anoxic atmosphere were chosen in the current study because it was postulated that growth of terrestrial microorganisms must be possible under at least these three simultaneous conditions to plausibly permit growth of terrestrial bacteria on Mars.
Although S. liquefaciens was shown here to grow in hypobaric environments down to 7 mbar, there were several assumptions in the current study that are not easily met on current-day Mars. The assumptions adopted for the current work included the following: (A1) bacteria were shielded from biocidal UV irradiation, (A2) bacteria were continuously exposed to stable hydrated substrates rich in carbon and nitrogen sources, and (A3) the habitable niche was protected from rapid evaporation typically encountered on the martian surface. Thus, S. liquefaciens required a stable hydrated growth matrix maintained continuously at 7 mbar and 0°C for at least 14 d before obvious growth of microcolonies was observed (Table 6 ). The thermodynamics of liquid water on the martian surface (Haberle et al., 2001; Sears and Moore, 2005) argue against such a long-term stable environment on current-day Mars, and carbon-and nitrogen-rich media have not yet been observed for the martian surface (Stoker et al., 2010) .
Based on the data presented here, we propose that future research on the growth of terrestrial microorganisms under conditions relevant to the surface of Mars be conducted using, at minimum, the three concomitant parameters tested here: namely, 7 mbar (median surface pressure on Mars), 0°C (temperature required for stable liquid water at 7 mbar), and CO 2 -enriched anoxic atmospheres (95.5% CO 2 in the martian atmosphere). As terrestrial microorganisms are identified that can grow on hydrated carbon-and nitrogen-rich media FIG. 5. Atmospheric gas-phase (i.e., for void spaces) and lithographic (i.e., for salt, or ice inclusions) pressure lapse rates for Mars. The atmospheric gas-phase pressure increases very slowly with increasing depth in the martian lithosphere and reaches 25 mbar at a depth of 13.8 km below the martian datum. In contrast, the lithographic pressure for salt or ice inclusions in the lithosphere can achieve 25 mbar at 19.5 cm of overburden depth. The lithographic pressure is entirely dependent upon the microbial niche being completely (i.e., 100%) sealed from outgassing; otherwise, the niche would equilibrate to the atmospheric pressure predicted by the gas-phase lapse rate.
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under at least these three environmental conditions, subsequent experiments with other biocidal or inhibitory factors become more relevant for Mars. For example, in an earlier study in our lab ) the salt-tolerant psychrophile Psychrobacter cryohalolentis K5 was used to explore the survival of an extremophile under simulated martian UV fluence rates, pressures, and temperatures. The work was initiated as a set of preliminary experiments that were intended to be a prelude to microbial evolution studies under hydrated martian conditions. However, in the current study, P. cryohalolentis K5 was observed to be incapable of anoxic growth (Tables 3 and 5 ; Fig. 3 ). Thus, although the Smith et al. (2009) study was interesting in the sense that it did examine microbial survival in salt encrustations under partially simulated martian conditions, it was not an effective preliminary study for microbial growth experiments under martian conditions because the bacterium failed to grow under any of the anoxic conditions tested here. Furthermore, the extremophile Deinococcus radiodurans R1 has been suggested as a candidate species for astrobiology experiments relevant to Mars (Diaz and Schulze-Makuch, 2006; Pogoda de la Vega et al., 2007) but was found here to be incapable of growth at pressures below 100 mbar (Table 2 ; Fig. 3 ), at 0°C (Table 4 ; Fig. 3 ), or under CO 2 -enriched anoxic atmospheres (Tables 3 and 5 ; Fig. 3 ). Thus, two extremophiles that might be predicted to survive, grow, and evolve better than nonextremophilic species on Mars have in fact been shown here to be incapable of growth under individual or interacting combinations of three environmental conditions found on the martian surface. What is also intriguing from the current study is that the non-extremophilic bacterium Serratia liquefaciens was observed to possess the metabolic range to carry out growth in 7 mbar, 0°C, and CO 2 -enriched anaerobic atmospheres, even though it logically evolved as an environmental microorganism under mesophilic temperatures and at pressures closer to 1013 mbar. The terrestrial ecology of Serratia liquefaciens indicates that it is present in diverse ecosystems including plant rhizospheres, fruits, grasses, and vegetables (Grimont et al., 1981; Lalande et al., 1989; Ashelford et al., 1999) ; processed foods (Lindberg et al., 1998; Oh et al., 2001) ; meats (Stiles and Ng, 1981; Lindberg et al., 1998) ; as opportunistic pathogens in fish (Aydin et al., 2001 ) and the human bloodstream (Grohskopf et al., 2001) ; and in drinking water on the International Space Station (La Duc et al., 2004b) . Heretofore, a significant percentage of microbial astrobiology literature relevant to Mars (see Gilmour et al., 2003; Horneck and Baumstark-Khan, 2002) has emphasized research on extremophilic microorganisms that have adapted to harsh environmental conditions found in deserts, polar regions, salts, hydrothermal vents, and acidic environments. But based on the success of S. liquefaciens cells growing at 7 mbar, 0°C, and anoxic conditions, perhaps species that are not tightly constrained ecologically but persist in a wide range of diverse ecosystems should be considered along with extremophiles for growth and evolution research relevant to Mars.
Adaptation to narrow ecological environments has likely forced microbial evolution along ever-tightening sets of environmentally constrained conditions that facilitated the occurrence of extremophiles (i.e., specialists) and their capacity for growth under precise sets of harsh conditions but did not permit them to easily adapt to new conditions. In contrast, species capable of broad-based ecological adaptation (i.e., generalists) may have developed the genomic and metabolic pathways to immediately thrive in new and unusual conditions without requiring the specialization of extremophiles. In support of the concept that generalist species with broad ecological ranges may exhibit greater adaptive advantage to hypobaric, psychrophilic, and anoxic conditions than specialist extremophilic species are the following observations: (1) besides S. liquefaciens, only P. fluorescens (soil and plant aerobe) exhibited growth under the concomitant conditions of 0°C and a CO 2 -enriched anoxic atmosphere (Table 5) ; (2) E. coli ATCC 35218 (human gut microbe), Proteus mirabilis (human pathogen), and S. liquefaciens exhibited similar growth ratings from 1013 to 25 mbar in CO 2 -enriched anoxic atmospheres, whereas the other facultative anaerobic species exhibited reduced vigor at lower pressures (Table 3) ; (3) the extremophilic species of Deinococcus radiodurans and Psychrobacter cryohalolentis failed to grow in CO 2 -enriched anoxic atmospheres (Tables 3 and 5) ; and (4) the generalist Bacillus subtilis has been shown to be capable of rapid evolution under hypobaric conditions (Nicholson et al., 2010) . The unexpected success of S. liquefaciens at 7 mbar suggests that ecological breadth, and not narrowness, might be a key factor in modeling the potential growth of terrestrial microorganisms on Mars.
Other unexpected results for microorganisms grown under hypobaric conditions
Several unexpected results were observed in the current study. First, of the species that grew at 25 mbar under both O 2 /N 2 and CO 2 atmospheres, B. subtilis 168, E. coli ATCC 35218, E. coli K12, Proteus mirabilis, and S. liquefaciens exhibited higher growth rates under CO 2 than under O 2 /N 2 atmospheres (Tables 2 and 3) , which suggests that the metabolic machinery that permits facultative anaerobic growth in these species may be more conducive to supporting growth at low pressures under CO 2 atmospheres than in hypobaric aerobic conditions. A similar response was observed for seven Bacillus spp. grown under decreasing pressures (i.e., 1013, 100, 50, 35, or 25 mbar) in either O 2 /N 2 or CO 2 atmospheres .
Second, the addition of 0.1% potassium nitrate or 0.25% glucose to either TSA or LB media failed to enhance growth in B. subtilis 168 and E. coli K12 (Fig. 2) or in P. fluorescens and S. liquefaciens (Table 6 ). The addition of potassium nitrate and glucose also failed to enhance microbial growth at low pressures by seven Bacillus spp. tested down to 25 mbar . Glucose and nitrate have been shown to enhance anaerobic growth in some species by permitting fermentation and anaerobic respiration, respectively (reviewed in Nakano and Zuber, 2002) . However, it appears that both glucose and nitrate did not enhance growth when multiple stressing agents were used in the hypobaric assays.
Third, another unexpected result was the observation that P. fluorescens failed to grow in CO 2 -enriched anoxic atmospheres at 30°C during 48 h assays (Table 3) but did develop clearly discernible microcolonies on TSA when grown in CO 2 -enriched anoxic atmospheres at 0°C for 35 d assays (Table 5 ; Fig. 3 ). Pseudomonas fluorescens is generally considered an obligate aerobe (Holt et al., 1994) , but some strains can grow at low ppO 2 if nitrate is available as a final electron acceptor. However, the addition of 0.1% potassium nitrate had no observable beneficial effect on growth of P. fluorescens under anoxic conditions. Thus, the ability of P. fluorescens to replicate in 0°C and anoxic atmospheres implies that long-term growth studies of other microorganisms previously considered obligate aerobes might identify additional species capable of growth under anoxic lowtemperature conditions.
And fourth, no species were killed by exposure to any of the hypobaric, low-temperature, and anoxic conditions of the assays described herein. When cultures exhibiting zero growth in all assays (Tables 2-6; Fig. 3 ) were transferred to a lab incubator for an additional 48 h at 30°C, 1013 mbar, and standard 21%/78% O 2 /N 2 atmospheres, all species grew vigorously. Results confirm earlier work Nicholson et al., 2010) and indicate that the stressing factors tested herein did not inactivate cells but reversibly inhibited their growth.
Hypobaria versus desiccation effects
The triple point of water on Mars occurs at 6.1 mbar and 0.1°C (Haberle et al., 2001) . As pressure increases above 6.1 mbar but temperature is held constant at 0°C (as described herein), the increase in pressure adds to the stability of liquid water. Thus, liquid water is stable at 25 mbar if temperature is held at 0°C ( Fig. 1 ; Haberle et al., 2001) . Pure water appears to be stable on Mars up to 12.4 mbar and 283 K (10°C) (Haberle et al., 2001) . However, even though pure water might be stable near the triple point of water on Mars, evaporation will occur unless the immediate headspace above the liquid water is under saturated conditions (Sears and Moore, 2005) .
In the current work, only two hypobaric assays on agar plates were conducted above 10°C (Tables 2 and 3 ). All other assays were conducted in either liquid LB broth or at 0°C. For the hypobaria assays reported in Tables 2 and 3 , it is thus likely that suppression of growth was due to the concomitant effects of both hypobaria and desiccation. However, during all other agar-based assays, the TSA and SSA surfaces remained hydrated over the course of the experiments. At 24-30°C, the double-thick TSA and SSA plates were stable for 72-96 h ; thus, assays at 30°C were run in the current study no longer than 48 h. At 0°C, the double-thick TSA plates were stable for at least 49 d (data not shown); thus, assays were run no longer than 35 d.
The primary finding of the current study is that Serratia liquefaciens ATCC 27592 was capable of growth at 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres, and is based on the results presented in Table 6 and Fig. 3 . Both data sets were conducted at pressure and temperature conditions in which we can rule out desiccation as a primary factor and instead conclude that S. liquefaciens is a hypobarophile capable of growth under hydrated low-pressure, low-temperature, and anoxic conditions. In addition, our conclusion that hypobaria can have a direct effect on bacterial growth is based on the nearly identical results on TSA surfaces (Table  2 ) or in LB broth (Fig. 2) for the growth of B. subtilis 168 and E. coli K12 at low pressures. Had desiccation alone been the primary factor involved in suppressing bacterial growth under 7 mbar and 0°C conditions on TSA, then the growth of 168 and K12 at 25 mbar in LB would have remained similar across all pressures tested.
Contamination of habitable zones on Mars
Habitable zones (HZs), by definition, are capable of supporting metabolism and growth of living microorganisms with capabilities similar to those of terrestrial microbes (Stoker et al., 2010) . Terrestrial microorganisms have demonstrated remarkable abilities to adapt to nearly all niches on Earth in which liquid water is stable, and in the field of astrobiology, liquid water is considered the primary condition necessary for life. Thus, planetary protection protocols for spacecraft are in essence an effort to protect liquid water niches on Mars in order to prevent the forward contamination of HZ sites. The protection of potential habitable niches on Mars takes on increased importance if spacecraft microorganisms are shown to be capable of metabolism and growth under environmental conditions found at plausible HZ locations near the surface.
On the surface of Mars, the most dominant biocidal factor remains the high solar UV flux with biocidal photons reaching the surface down to 190 nm (Kuhn and Atreya, 1979; Moores et al., 2007) . As long as inadvertent terrestrial contamination remains on spacecraft surfaces exposed to solar UV, the contamination is likely to be inactivated within a few hours to a few sols on equatorial Mars (Schuerger et al., 2003 Smith et al., 2009) and only slightly longer for midlatitude and polar regions (Moores et al., 2007) . However, solar UV irradiation is attenuated by < 0.5 mm of finegrained dust (Mancinelli and Klovstad, 2000; Schuerger et al., 2003) , and buried niches will offer significantly improved conditions for growth of hypobarophiles on Mars. If protected from solar UV irradiation, microbial growth in hydrated HZ niches on Mars will next depend upon tolerance to hypobaria (1-14 mbar range on the martian surface), low temperatures (global average of -61°C), anoxic atmospheres (95.5% CO 2 atmosphere), and desiccation.
The successful growth of Serratia liquefaciens on hydrated surfaces of TSA maintained at 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres suggests that active metabolism and growth are plausible in hydrated sites on Mars that contain available carbon and nitrogen sources. However, at least 17 biocidal and inhibitory factors have been proposed for the martian surface (see Introduction), and some of these factors might yet preclude the successful growth of S. liquefaciens on Mars. For example, Berry et al. (2010) demonstrated that S. liquefaciens was sensitive to desiccation and salt concentrations above 5% (w/v) for MgCl 2 and NaCl and above 10% for MgSO 4 . Shallow subsurface liquid brines have been invoked as possible explanations for recurring slope lineae (RSL) features on crater slopes on Mars (McEwen et al., 2011) . If brines are composed of excessively high concentrations of salts, dispersal of S. liquefaciens onto RSL sites may not lead to growth of the bacterium within the RSL niches even though liquid water may be present. Furthermore, we have only demonstrated growth of S. liquefaciens in 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres. Since the average global temperature on Mars is -61°C, and most places remain well below 0°C during the martian year (Haberle, et al., 2001) , temperatures below 0°C might also preclude the growth of S. liquefaciens in liquid brines. Research efforts are ongoing with regard to anoxic growth minima for S. liquefaciens at lower pressures and temperatures than were tested here.
Predicting contamination scenarios for hydrated HZ niches also requires a model that addresses how pressure might increase with depth. We estimated increasing pressures within the martian lithosphere, giving consideration to both gas-phase and lithographic lapse rates. The hypothesis was that, as pressure increased with depth, the range of microbial species capable of metabolism and growth in the HZ niches would increase. Results indicate that for gasphase lapse rates alone, the pressure within void spaces in rocks and regolith that remain contiguous to the surface of Mars would experience a very slow increase in pressure at the rate of 1 mbar per 1450 m. Such a slow increase in gasphase pressure suggests that only species capable of metabolism and growth near 7 mbar would be capable of contaminating hydrated niches at the surface under current rover and lander technology. Based on a gas-phase lapse rate of only 1 mbar per 1450 m, the depth required to achieve 25 mbar would be 13.8 km. However, the lithographic lapse rate suggests that, if drilling or digging operations emplace spacecraft microorganisms into niches that become fully sealed off from the gas phase (e.g., ice or salt inclusions), then the internal pressures within the inclusions would equilibrate to the overburden pressure acting on the ice or salt matrix surrounding the inclusions. Overburden pressure increases very quickly with depth, and a pressure of 25 mbar within inclusions can be reached by as little as 19.5 cm of overburden, opening up a much larger pressure range within which terrestrial microorganisms could grow. Although historical spacecraft operations on Mars do not appear to have created ice or salt inclusions in the materials accessed by trenching, digging, or drilling activities, emplacement of spacecraft microorganisms into salt or ice inclusions with subsequent burial by regolith will remain a significant risk for future surface operations on Mars.
Conclusions
Of 26 bacterial strains tested, only S. liquefaciens was found capable of growth in 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres. Results demonstrate that at least one terrestrial microorganism can grow under hypobaric conditions relevant to the surface of Mars. In a parallel study, Nicholson et al. (2012) demonstrated growth of eight type strains and two Siberian permafrost field strains in the genus Carnobacterium in 7 mbar, 0°C, and CO 2 -enriched anoxic atmospheres. Thus, at least 11 species of bacteria in two genera appear capable of growth under hypobaric conditions relevant to Mars. However, results of both studies do not demonstrate growth of any of the species under highly desiccated conditions that are present on current-day Mars. The logic followed in both studies was to identify strains of bacteria capable of growth at 7 mbar such that follow-on experiments on the effects of desiccation, regolith geochemistry, hypobaria or temperature minima, et cetera, on microbial growth would use bacterial species already proven capable of growth in the pressure range found on Mars.
Although the success of S. liquefaciens at 7 mbar suggests that some spacecraft microorganisms may be capable of growth in hydrated surface or shallow subsurface niches on Mars, several caveats are in order. First, there are at least 17 biocidal or inhibitory factors present on the martian surface, and the addition of other factors might still preclude the growth of S. liquefaciens or Carnobacterium spp. in potential martian HZ niches. Other key factors that must be added to the three stressing agents tested here include at least the following: (1) What are the interactive effects of salts on microbial growth under martian conditions? (2) What carbon and nitrogen sources are available for microbial growth on the martian surface, and can terrestrial microorganisms utilize these nutrient sources while under concomitant stresses by hypobaria, low temperature, and anoxia? (3) What are the lower thresholds of hypobaria and temperature for microbial growth under realistic hydrated martian conditions? (4) How will extreme diurnal temperature and desiccation cycles affect growth of terrestrial microorganisms under simulated martian conditions?
One unexpected finding of the current work was the observation that the generalist bacterium, S. liquefaciens, possessed a broad enough metabolic range to grow at 7 mbar, while the extremophilic species, D. radiodurans and P. cryohalolentis, failed to do so. Much of the astrobiology literature is predicated on the assumption that studying the behavior of extremophilic microbial species and communities will yield insights into how terrestrial microorganisms might proliferate in other planetary environments. In contrast, the results presented here suggest that generalist species like S. liquefaciens also might be good microbial models for astrobiology research relevant to Mars.
